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Abstract 



We propose a new model to implement organic exciton - semiconductor 
exciton hybridization by embedding a semiconductor quantum dot array into 
an organic medium. A Wannier Mott transfer exciton is formed when the 
exciton in each semiconductor dot interacts via multipole-multipole coupling 
with other excitons in the different dots of the array. A new hybrid exciton 
appears in the system owing to strong dipole-dipole interaction of the Frenkel 
exciton of the organic molecules with the Wannier Mott transfer exciton of the 
quantum dot array. This hybrid exciton has both a large oscillator strength 
(Frenkel like) and a large exciton Bohr radius (Wannier like). At resonance 
between these two types of excitons, the optical non-linearity is very high and 
can be controlled by changing parameters of the system such as dot radius 
and dot spacing. 



PACS numbers: 73.20.Dx, 78.60.J, 42.65, 71.35 
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I. Introduction. 

The possibilities of using organic materials to embed semiconductor heterostructures lead 
us to the expectation of having some system with new unique physical properties. It has 
already been noted that a new type of excitonic state could be obtained by mixing Wannier- 
Mott and Frenkel excitons. In [1-4] the authors proposed structures of layers with organic- 
inorganic quantum wells, and parallel organic-inorganic quantum wires, where the Wannier 
and Frenkel excitons in neighboring layers interact with each other to form a new type of 
exciton, which has both the very large oscillator strength of the Frenkel exciton, and the 
high polarizability in an external field of a Wannier exciton. Recently, in [3] the interesting 
model of a single semiconductor quantum dot with an organic shell was also proposed and 
the strong enhancement of the non-linearity was found for the weak confinement regime in 
the limit of dot radius Rd » as (exciton Bohr-radius). 

At present, quantum dots - which are the three-dimensionally confined nanostructures 
- have been studied intensively theoretically and experimentally [5-9]. As a new model for 
the heterostructures, where the resonant mixing of Wannier-Mott and Frenkel exciton can 
appear, we propose here the system of a semiconductor quantum dot array embedded in a 
medium of organic material. Such structures were reported to have been fabricated in several 
labs [10, 16]. It is already known [11] that when many quantum dots are arranged together 
in an array, due to the multipole interaction of excitons in different dots, an exciton inside 
a quantum dot can be considered as not localized in that dot, but it can propagate through 
the lattice via the mechanism of exciton transfer processes. In our model, when we place 
such a dot array in an organic material, due to the interaction of this propagating exciton 
with the medium, a new hybrid exciton will appear in a system. This hybrid exciton, which 
is a mixed state of the transfer exciton and the Frenkel exciton of the medium when these 
are at resonance, also has a large exciton radius ( because of the large Wannier-Mott exciton 
radius) and a large oscillator strength (because of the large oscillator strengths of the both 
Frenkel and transfer Wannier-Mott excitons). The small mass of the transfer exciton then 
leads to a large coherence length of the system. This fact, as well as the hybridization, will 
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give us a very large optical non-linearity. 

In section II we present our model to get the hybrid exciton Hamiltonian. The hop- 
ping coefficient of the exciton in different dots and the Wannier- Frenkel exciton coupling 
constant are described in section III and IV. The nonlinear optical susceptibility and its 
dependence upon the system parameters are obtained in section V, along with an estimate 
of the magnitude of the non-linear coefficient for a typical system. 

II. The Model. 

We consider a three dimensional array of semiconductor quantum dots placed into some 
organic material as a host medium. The size of the system should be considerably smaller 
than the wavelength of light that corresponds to the transition between excited and ground 
state [3]. As an approximation, we will consider here the ideal array with dots of the same 
radius R and the same dot-dot spacing d. 

The total Hamiltonian of the system will be taken as follows: 

H = E Egc&am + £ E^btJ^ 

n >' k,m 

+ H 9im(rn, Waifi^ + a m b±J + ^ + h.c.) (1) 

mink nn'll' 

where aj z , (a^) are creation (annihilation) operators of Wannier excitons in quantum dots. 
Index / labels the exciton states and n indicates the sites of the dot in the dot lattice. Here we 
assume that the dots are distributed on sites of a three-dimensional lattice with the position 
n = (n x ,n y ,n z ) of each site in (x,y,z) coordinates, where the distance between the sites (the 
"lattice" constant) equals d. For simplicity we assume a cubic array, i.e, the number of 
dots in each directions N x , N y , N z is the same N x = N y = N z = N. &t (% m ) are creation 
(annihilation ) operators for the Frenkel exciton in the organic medium with wave vector k 
in the m* h -exciton state. E^, and E? are the excitation energies of Wannier excitons in the 

m km 

dots and the Frenkel exciton in the medium, respectively. For the Wannier excitons confined 
to a dot, or quantum sphere, the oscillator strengths are concentrated mainly on the low 
excited states. So, with no loss of generality, and in order to simplify we will consider only 
the interaction of the lowest states of excitons( the ground state and the lowest excited state). 
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Also we assume that the energy difference between the energy levels E F and E w is much 
smaller than the distance to other bands, gimifnik) is the coupling constant of Wannier 
and Frenkel excitons, and tftmi 1 is the hopping constant between Wannier excitons in the 
dots. This hopping constant, which has its origin in the multipolar interaction of excitons 
in different dots, in general, is different in different directions because of the direction of 
polarization. Here we assume only nearest dots interact with each other, so the hopping 
constants for the nearest dots in the x, y, z direction are t x ,t y ,t z , respectively, where e.g. 
t x = tnn'w if n' is (n x +l, n y , n z ) and I, I' are the label of the lowest energy levels, and similarly 
for t y ,t z . Because the dot radius is approximately equal to the ground state exciton Bohr 
radius for systems under consideration, we assume there exists only one exciton in each dot, 
so we omit the exciton-exciton interaction in the same dot. Then we have for the hopping 
term: 

Hhop = E E (tx a n x +l,n y ,n z ;l a n x ,n y ,n z ;l' + ty a n x ,n y +l,n z ;l a n x ,n y ,n z ;l' + 
IV n x ,n y ,n z 

+ t z a n x ,n y ,n z +l;l a n x ,n y ,n z ;l> + h.C.) (2) 

Changing to k-space by Fourier transformation, we obtain: 

a Z x , ny , n ,-ji = V^N* E [expi(n x M + %M + w A d )] a fc B) fc v ,fc,;i ( 3 ) 

&x fay fez 

Here d is the distance between dots, k = {k x , k y , k z } is the wave vector of the exciton in the 
coupled dots. 

The Fourier transform of t x ,t y ,t z will be t(k x ),t(k y ),t(k z ), respectively. 
The Fourier transformation for the dot-medium coupling constant gi m {fft- l k) will be the 
following: 

9i m (r H , k) = J2 [expi(n x k' x d + n y k' y d + n z k' z d)]G lm (k' , k). (4) 
9 

Notice here that if one makes the translational transformation with a lattice vector L in the 
lattice, due to the exponential forms of the Frenkel and Wannier exciton state functions, 
one will get, by translational invariance, X^expi(A; — k')L = 8(k — k'). So the coefficient 
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— * — * — * — * 

Gi m (k, k') will be different from zero only if k = k'. Then instead of Gi m (k, k') we can write 
the coupling constant as Gi m (k) and omit the sum over k' . 
Then we get the total Hamiltonian (1) as: 

H = (k)a~ta,£ + 2 (t(k x ) cos k x d + t(k y ) cos k y d + t(k z ) cos h z d)a~ta l % 

+ E E F m {k)bt km b %m + £ G im (fc)(at6 fcm + a^±J (5) 

mk mlk 

In the perfect confinement approximation [1,4], the exciton wave functions must vanish at 
the boundary of dots, and the energy of the Wannier exciton in the spherical quantum dot 
has discrete values according to the zeros of the Bessel function. That is, the energy of the 
Wannier exciton with quantum number {n, /} is E^(k) = E g — E h ext + t^j^-, where E g is 
the band gap, E b ext is the exciton binding energy, and is the n-th zero of the spherical 
Bessel function Ji(x) of order /, which depends on the magnitude of the dot radius R. Here 
m is the effective mass of the electron and the hole. The lowest excitation in the dot will be 
the state with I — 0, n — 1. In writing the expression for E^(k) we are assuming the dot is 
spherical as a good approximation to the actual shape. 
For kd small, the total Hamilton (5) can be written as: 

# = E E%(k) + E E F (k)btbj; + E G(k)(ap s + afi) (6) 
where E^(k) is the transfer energy of the Wannier exciton of the semiconductor dot array: 

E%(k) = E w + 2 £ t{h) -rf 2 E t{h)kl (7) 

i i 

where % = {x, y, z}. 

Equation (6) describes the system of Wannier excitons and Frenkel excitons, interacting 
with each other. Besides the exciton energy in single quantum dots, the energy of the 
Wannier exciton in the quantum dot array also includes the large transfer energy between 
two nearest quantum dots in the array. 

We notice that because of confinement, the energy and the state of one quantum dot 
cannot be described by the wave vector. But the energy and the state of the transfer exciton 
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in the quantum dot array does have the k-vector dependence and we will need to include 
the dispersion relation for the energy of this transfer exciton. This energy strongly depends 
on the value of the hopping constant t(k) and the direction of the polarization vector of the 
exciton, which we will investigate in the next sections. The presence of the transfer exciton 
allows us to change the energy region of the resonance and also the optical properties of 
the hybrid exciton. So in our model the semiconductor quantum dot array embedded in 
an organic medium can be interpreted as follows: the Wannier excitons in quantum dots 
interact with each other to form a kind of transfer exciton propagating through the lattice. 
This transfer exciton in its turn is coupled at resonance with the Frenkel excitons in the 
organic medium to form an hybrid organic-inorganic exciton state. 

In our model we consider the exciton-exciton interaction and the hybridization as the 
principal effect, so here we omit the potential scattering between the dot array and the 
medium and leave it for future reseach. 

We write the new hybrid excited state as the following: 

Mk) >= Ul (k)f F (0)^(k) + Mk)f W (0)\*v(k) > (8) 

where ^ w (k) and fy F (k) are excited states and f w (0), f F (0) are ground states of the Wan- 
nier exciton in dot array and Frenkel excitons in medium, respectively. Since we will consider 
only the lowest excited states of the exciton, so from now on we will omit the indices I and 
I'. The coefficients u(k) and v(k) have the following form: 

G(k) 



u{k) 



{[EF(k)-E%(k)}* + G*(k)y/i 



v(h) = E F (k)-E^(k) 

Then in term of hybrid operators a^, ai, the Hamiltonian in equation (6) can be written: 

H' = ^E(k) a ^ ai (10) 
k 

— * 

with the energy E(k) of the hybrid state given by the following dispersion relation: 

E(k) = \/2{E F {k) + E%(k)} ± l/2{[E F (k) - E™(k)f + AG\k)}^ (11) 



Due to the weak dependence of the Frenkel exciton energy upon the k- vector, the Frenkel 
exciton energy may be taken independent of the wave vector k, E F (k) = E F (0). We can 
see from (11) that the existence of the array of dots, which results in the appearance of the 
transfer exciton energy E^(k), enhances the coupling between these two kinds of exciton at 
resonance, i.e., the gap between two hybrid exciton branches becomes large. The coupling 
will be strong when E F {k) and E^{k) are in resonance. So, the resonance coupling behavior 

— * — * 

depends strongly on the hopping coefficient t(k) and the hybridization coefficient G(k), which 
we will investigate in the next sections. 
III. Hopping coefficient t(k) 

— * 

The hopping coefficient t(k) is in fact the transfer energy between two nearest dots in the 
dot array and plays an important role in the process occurring when a dot array is placed in 
an organic medium. The transfer energy is estimated as the electrostatic interaction between 
excitons in dots. Due to the existence of "confined" excitons, each dot has its transition 
dipole moment, which will interact with the corresponding moment of another dot when the 
distance between dots is comparable to the dot radius. As mentioned above, for one isolated 
quantum dot the oscillator strength is concentrated mainly on the lowest excited states and 
so we assume that only the transition dipole moment to the lowest excited states are involved 
in the interaction for an array. This multipolar interaction is intrinsically strongly short- 
range, and dependent upon the distance between dots, so we use here the nearest neighbor 
approximation. 

Now consider the electrostatic interaction between excitons in two spherical quantum 
dots: 

t(k)=<W i (k)\H d . d \W j (k)> (12) 
where Wi(k), Wj(k) are the exciton wave functions in two dots, 

\Wi(k) >= ±r 1 0(^)^(fOe ife >- + ^)/ 2 ^(f e O*t(^O^^|O > (13) 

Vq J 

where 4>{fl h ) is the relative electron-hole motion function, rf 1 = f ei — f hi , <p(r) is the exciton 
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envelope function, r ei , (r^), ip^(f e i), (jPt^fhi)) are the coordinates and creation operators of 
electron (hole) in the dot, respectively. V is the spherical dot's volume. 

The envelope function for the exciton inside a spherical dot depends on the radius of the 
dot and has the form [1,4]: 

<p(ri)nim = Y lm (0i, (pi) 2 . J ^™Ir) ( M ) 

where r e h is the electron-hole relative coordinate and r is the center of mass coordinate of 
the exciton. Hd-d is the interaction Hamiltonian between two dipole moments in these two 
dots. In our case the distance between two dots is larger than the dot radius d > R, so 
the interaction can be considered approximately as the ordinary dipole-dipole interaction. 
But when the dot spacing is of the same order as of the dot radius, we have to consider the 
multipolar interaction. Neglecting the higher orders we obtain for the hopping coefficient 
between two spherical quantum dots: 

*(*) = <Pns(0) 2 f ns m.f%) - 3(/2r.n 12 )(/^.n 12 )} (15) 

4> n i(r) is the quantum dot exciton envelope function, /2^ 2 are transtion dipole moment to 
the excited state (n, I — 0, m — 0) for the quantum dot spheres 1 and 2, respectively, flu 
is the unit vector directed along the straight line connecting two excitons, which due to the 
small dot radius we can approximately treat as directed along the line connecting two dot 
centers. f ns is the integral: 

/„. = / »K*Wr / | J ( ;'|°;, |3 rfV (16) 

The integrals are taken over the volume of the two dots. 

For the exciton polarization parallel to the direction connecting two dot centers: 

t\\ = -<M0) 2 /ns2(^) 2 (17) 

For the exciton polarization perpendicular to the direction connecting two dot centers the 
hopping coefficient is equal to: 



t± = (t>ns(oyf ns (fi w y (is) 

The hopping constant depends strongly on the polarization direction of excitons. Also, the 
transfer energy (7) depends on the direction of k-vector and relationship between the k- 
vector and the polarization mode of the exciton. The longitudinal and transverse modes 
have different energies. 

For the transition dipole moment to the excited state (n, I — 0, m — 0) of the spherical 
quantum dot we have: 

fi w = ^^M0)p cv R 3 / 2 (19) 
mr 

Hence, from (15) - (19), the hopping coefficient t depends on R/d, so we can change the 
dot separation d with respect to dot radius R in order to determine the optimum t. 
IV. Hybridization parameter G(k) 

The organic medium can also be described as a lattice, with organic molecules occupying 
every site. The Frenkel exciton can move between the sites. Because of the small "lattice 
constant" here, the organic molecular lattice can be considered as a "microscopic" lattice 
in comparison with the macroscopic size of the dot lattice. The organic lattice constant is 
of order 5A, while the dot radius is about 30-100 A and the dot lattice constant is usually 
around 60-500 A. The resonance coupling of Frenkel excitons in the medium and Wannier 
excitons in the dot array is determined by the interaction parameter 

G(k)=<F,k\H int \W,k> (20) 

where the interaction Hamiltonian is taken similarly to [1, 3, 4] 

H mt = -Y J E{r n )P{r n ) (21) 

n 

Here E(r n ) is the operator of the electric field created at point r n in the organic medium by 
the excitons in quantum dots, P(r n ) is the transition polarization operator of the Frenkel 
exciton at molecular site r n of the organic medium. 
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If the dielectric constant of the semiconductor dots is ei, and of the organic medium is 
e 2 , the field at some point r n outside of the dot, created by the exciton in the dot located 
at r is: 

t-,/ s 3ei 3n cos 6 — u n ,^,, s „ , 

E ( r ~ r «) = 2e 2 le, (r-r w )3 ^ (& ^ (r) + n ' (r)) ( } 

P{r n ) is the polarization operator of the Frenkel exciton at molecular site r n , 

P(r n ) = f{b + n + b n ) (23) 

fl F is the optical transition dipole moment of the organic molecule. The Frenkel exciton 
wave function is written in the form: 

m = -LY,e tkrn X f s (r n )b+\0> (24) 

I\p n 

ip s (r n ) is the excited state of the molecule at site r n . Putting (21) - (24) into (20), we have 
the expression for the hybridization coefficient of the semiconductor quantum dot and the 
organic medium 

G(k) = ^^l^^^^ns(0)D ns (k) (25) 

where 6 is the angle between exciton transition dipole moments of the quantum dot and the 
organic molecule, and 

Dns(k) = I e^xLW I ^%dh (26) 

J Medium J Dot T\r — T 1 \ 6 

The first integral is taken over the dot and the second one is taken over the volume of the 
whole medium. 

For illustration a numerical calculation was done for some samples. Fig.l shows the 
hybrid exciton dispersion curves plotted for ZnSe dots embedded in a standard organic 
material. The parameters were taken as E F (0) — E w (0) = 5meV : as = 30A, fi F = 5D, N = 
5. In Fig 1 two branches of the hybrid exciton are plotted for an array of dots with radius 
R = AOA, and the dot lattice constant d = 8QA. 
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V.Non - Linear Optical Response. 

As already noted in [11] and can be seen from (7), the Wannier transfer exciton has a 
rather small translational mass, which depends on the hopping constant and the number 
of dots. This small translational mass is one reason for a large coherence length, which is 
related to the homogeneous linewidth of the excitonic transition. In turn, this leads to a 
large figure of merit of the exciton, and, associated with it, large exciton resonance oscillator 
strength and nonlinearity [11]. 

In the region of strong mixing, the oscillator strength of the hybrid exciton is determined 

as: 

f(k) = \u{k)\ 2 f F + \v(k)\ 2 f w + 2\u{k)v{mf F Y /2 U W ) 1/2 (27) 

Both components, the transfer Wannier and the Frenkel excitons, give contributions to the 
oscillator strength of the hybrid exciton. Due to the confinement effect of the exciton in one 
single dot as well as the transfer exciton coupling between dots in the array, the Wannier 
transfer exciton oscillator strength may achieve a value comparable to that of the Frenkel 
exciton, which is very big due to their small exciton radius and small molecular lattice 
constant. So, placing of many semiconductor dots in an organic medium leads to a large 
oscillator strength of the hybrid exciton. At resonance, the oscillator strength of the hybrid 
state is determined by its Frenkel exciton component. 

In the presence of an electric field, the third-order susceptibility can be calculated using 
standard pertubation theory [12-15]. We introduce the decay constant 7 and note that the 
two-body interaction here is considered to arise from the interaction of excitons in different 
dots. Considering only the resonance case and neglecting contributions from the other 
nonresonant levels we have approximately the result for the lowest optical nonlinearity of 
the hybrid excitons: 

X 0) H w ^^(%^) 2 ^(^)%(0) x {- — -— L — -} (28) 

V it 2 V ce u d (w- w + i-f±) 2 (w - w-vy\\) 

The exciton coherence length l c is given as [8] : 
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c l 2^ (Mnr ft )V2 ^ 

M is the exciton translational mass, which is inversely proportional to the transfer energy 
(7), which we can control by changing the system parameters namely: dot radius and dot 
spacing. Hw is the lowest excitation energy of the hybrid exciton. I\ is the linewidth of the 
exciton and 7j_, 711 are the transverse and longitudinal relaxation constant of the excitonic 
transition, respectively. V is the volume of the whole system, Vuedium is the volume of the 
organic host, and V ce u is the volume of one cell in the organic lattice. Notice here that we 
consider the case where the sample size is smaller than the coherence length, so the size 
dependence appears as in (29). 

The value of x (3) M in (28) at resonance may be very large. By changing the number 
of dots and other parameters of the array, one can control value of the non-linearity. 

Here we present some numerical results for ZnSe dots. 

In Fig. 2 the third-order nonlinear susceptibility of ZnSe quantum dot lattice embedded 
in an organic material is plotted for several different dot radii and dot spacings. We use here 
the following typical parameters of organic and semiconductor materials: v F = lOOA, a org = 
5A,/i F = 5D,a 1B = 30A,E F (0) - E w (0) = 5meV. We see that at resonance, e.g. where 
the hybridization is strongest, we have very high peak of nonlinear susceptibility with the 
enhancement of about 5 orders of magnitude in comparison with that of the Wannier exciton. 
The nonlinear coefficient is larger for smaller dots and closer spacing between them. Also we 
expect that disorder in the semiconductor dot array will decrease the enhancement effect, 
but this has not yet been calculated. 

Summary. 

In summary, we presented here the possibility of creating systems which offer a strong 
resonance coupling of Frenkel and Wannier excitons to obtain an hybrid exciton state with 
the special properties of both kinds of exciton, i.e. having large exciton radius as well as 
large oscillator strength. In addition, we can control the expected resonance parameters by 
changing the number of dots, their radius, the distance between them, and the dot rdius 
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and dot separation relation. Dr. D. Norris suggested study of the system with randomness 
- i.e., the disorder distribution of dots, which is very interesting and important. We are 
investigating this. 

We are grateful to Professor V. M. Agranovich and Dr. D. Norris for useful discussion. 
We also want to thank a referee for suggestion we use translational invariance for the coupling 
constant. 
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FIGURE CAPTIONS 



Fig. 1. Hybrid Exciton Dispersion calculated for ZnSe dots placed in an organic material. 
The dispersion curve is ploted for dot radius R = 50A and dot spacing d = 200A 

Fig. 2. Third-order nonlinear susceptibility for the hybrid exciton state of ZnSe dots in or- 
ganic material. WE plot the susceptibility versus wave - vector. Note that there is a very 
significant enhancement of x^- Plots are for different dot radius R and separation d. 
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